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Gentlemen: 
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hope that the work done in this investigation may in some 
way be of value to future investigators studying the 
base exchange properties of clays. 
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that you have given no during my studies at the Insti- 



tute • 



A'VffO « j 

•*•-1 «« % <T 



, 4K f 



um> 






• 4TC*T^ ••!>] «# )<< K < L4 



r i* n su~> • 
















PREFACE 



Since cloy in one of the most bothersome foundation 
materials, the Soil Mechanics Department of Rensselaer 
Polytechnic Institute is carrying out n series of inter- 
related investigations on the properties of clays. This 
thesis is a small part of that program and was decided 
upon in an attempt to settle some of the questions raised 
by Lieutenants W, J. Christensen and William R. iStephen- 
son in their studies of electro-osmosis. The scope is 
necessarily limited and new limitations were discovered 
during the investigations* An interesting field of study 
of base exchange has been opened up, however, and it is 
felt that some future investigators could learn much by 
following up this work. 
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INTRODUCTION 



In previous work on electro-osmosis by Lieutenants 
Christensen and Stephenson, difficulty was encountered 
in evaluating the results of their experiments because of 
the many unknowns involved in their clay samples. Know- 
ing nothing of the characteristics of the clay with which 
they were working, such as the kind of adsorbed ions pre- 
sent, they could not definitely say what changes had taken 
place. 



This uncertainty resolved itself into the problem 
of obtaining or producing a clay of known characteristics, 
or better still, a clay with only one kind of -adsorbed 
ion, in large enough quantities to be used in electro- 
osmosis experiments. Such a clay might be a pure H-clay. 
With an H-clay, on experimenter might displace the II ions 
with Mg ions, Al ions, and any other desired ions by using 
the proper electrode material. The resulting clays could 
be analyzed for changes in liquid and. plastic limits. It 
might then be determined whether or not stabilization re- 
sults from osmosis alone or in combination with more 
strongly adsorbed ions, a theory on which Christensen and 
Ste henson disagreed . 

It was felt that electro-dialysis might be a solution 
to the practical problem of production. This method would 
then involve a study of cation exchange on the clay in 
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question to determine if and when the exchange was com- 
plete in order to insure a pure H-clay. With this prac- 
tical problem in mind, the author undertook this investi- 
gation of cation exchange on clays by means of electro- 
dialysis. 
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THEORY 



The theory of ion exchange on colloids has been 
known for some time. Helmholtz is generally given credit 
for determining the mechanism by which such an exchange 
takes place. The Helmholtz double layer concept in its 
final form proposes that colloidal particles have ad- 
sorbed on their surfaces either a positive or negative 
layer of ions that results from unsatisfied valences at 
the broken faces of the particles. This first layer of 
ions tends to attract by induction a diffuse second layer 
of oppositely charged particles. This adsorptive force 
conforms to the equation, 

F - * 5 .1. ,* - ? £ , (figure 1) 
d 2 

where and q~ are the charges and d is the distance 
separating thorn. 

If in a stable colloidal solution particles of equal 
charge and smaller radius than those adsorbed on the col- 
loidal surfaces are introduced, the force of attraction 
for the new ions will be greater than that for the adsorbed 
ions and an exchange will take place. This ohenomenon is 
known as "base" or "ion exchange". The rate of this ex- 
change depends in part upon the probability of the new ion 
getting close enough to the broken surface to effect the 
change, and thus, unon the concentration of the new ion 
(figure 2). 
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As clay In colloidal by definition, it is believed 
that ion exchange plays an important role where stability 
is concerned. The stability of a clay in primarily de- 
pendent upon its water content. Therefore any method 
that v-ill control its water content will in some measure 
control its stability. There are two factors in clay 
hydration that stand out, its lattice structure and its 
adsorbed ions. 

V’ith respect to lattice structure, there are four 
main classifications of clays, kaolinite, illite, mont- 
morillonite, and the mnphibole-like clays. At the one 
extreme is kaolinite, whose lattice Is divided into two 
sheets, a tetrahedral silicon sheet and a gibbsite sheet. 
The contract surfaces of adjacent lattices consist of 
oxygen ions on the one side and hydroxal ions on the 
other. The strong attraction of these ions makes this 
lattice a tightly knit unit very difficult to break dorm 
or to nenetrate with water. At the other extreme is 
montnorillonlte, whose lattice is composed of a tetra- 
hedral silicon sheet, a gibbsite sheet, and another tetra- 
hedral silicon sheet. The contact surfaces of adjacent 
lattices in this clay consist of oxygen ions -alone, giv- 
ing a much weaker bond that allows water to penetrate 
between lattices and decomnosi tion to take place. The 
other clesses of clays fall somewhere in between these 
two . 
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Since ion exchange is a surface phenomenon, one can 
see that the exchange capacity of niontnorillonito is much 
greater than that of kaolinite, due to the greater sur- 
face area available. The loose structure of nontmoril Ion- 
ite oven allows ions to penetrate within the voids of the 
lattices. It is this exchange capacity that we are in- 
terested in ns n neons of stabilization. 

In order to understand how this exchange and sta- 
bilization would take place, we should understand ionic 
hydration, a cation, for instance, becomes hydrated 
when in so’ution due to its attractive force for dipolar 
water molecules (figure 3). Hans Jenny is given credit 
for the discovery that smaller ions hydrate to the 
greatest extent and, ns a result, end up with the lar- 
gest hydrated radius is the determining facto’.' when force 
of adsorption is considered, the ionic charge being the 
same. Jenny formulated the lyotropic scries which gives 
the order of adsorption and release of ions ns follows : 

Adsorpt i on : Li < He < K < Rb < Co < H 

Release : Li > Na > K >Rb > Cs ^ H . 

A similar scries exists for bivalent and trivalent ions. 

It may be seen that attraction is in reverse order of 
dehydrated ionic radius except for hydrogen. This series 
is disturbed in some clay systems by the tendency of 
certain ions to dehydrate. The hydrogen ion is a special 
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case in that it behaves contrary to the hydrated radius 
theory. It is generally accepted that the adsorption 
of the hydrogen ion is more chemical than electrostatic . 
Instead of being separated from an adsorbing hvdroxal 
ion by a w*ter film as a calcium ion would be, the hydro- 
gen ion actually meshes into the electron orbit of the 
hvdroxal ion (figure 4). In the process of exchange then, 
and in exchange alone, the hydrogen ion acts as though 
dehydrated* 

The problem of producing nr? H-clay is intimately 
tied tin with the stability and exchange capacity of clays. 
Since the hydrogen ion is the most strongly attracted 
ion of all, we need only to supplv these hydrogen ions 
in sufficient quantity to permit the exchange to take 
plsce, f nd to remove the replaced ions to facilitate 
more rapid exchange. This is the function of the dialysis 
cell. 



The theory of such a cell is simple. The cell con- 
sists of three compartments separated by membranes porous 
only to ions. Electrodes are inserted in the two end com- 
partments (figure 7). The clay solution is placed in 
the center compartment end water for receiving the dis- 
placed ions is placed in the end compartments. »Vhen a 
voltage is applied, the following action takes place. Dis 
socle ted hydrogen ions in the center comportment replace 
the adsorbed cations (figure 5A). These cations are at- 
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trnctcd to the cathode end vd.ll pass through the mera- 
b ranee , though the clay solution will not. The left- 
over hydrcxsl ions ore attracted to the anode (figure 
5B). If distilled water is used in all compartments 
and there is no electrolysis, this action continues; un- 
til the cation exchange is complete. If electrolysis 
takes place, the water that breaks down has the follow- 
ing effects. The hydroxal ions at the anode give up 
electrons and oxygen is released. The hydrogen ions 
nt the cathode receive electrons from the cathode and 
go off as hydrogen gas (figure 8). This results in an 
acid nnolyte nnd an alkaline cntholyte. The process is 
somewhat .more complicated when distilled water is not 
used. 

There t re some V eories that sny the lattice struc- 
ture of !. elf y is broken down or possiblv changed by 
elec trod inly si s . Any such change may be detected by a 
study of diffraction patterns • Any perticuV r lattice 
structure has the property of diffracting X-rays in a 
pattern peculiar to th*.t one structure. If any change 
takes place in the lattice structure, this change may 
be detected by a oh'- age in the di ‘-meters of diffraction 
rings recorded on X-rny film. 
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APPARATUS 



The following equipment was used: 

a. 1000 watt, 120 volt gasoline driven d.c. gen- 
erator (figure 8). 

b. Dialysis cell made from a storage battery case 
(figure 9). 

c. Carbon electrodes, submerged area * 31.6 inches 2 . 

d. f 'onel net a 1 electrode, submerged area s 23.6 
inches 2 . 

e. Variable meed stirrer. 

f. D.C. voltmeter, ''‘-ISO volts. 

g. D.D. ammeter, 9-30 omrseras. 

h. Beckman pit meter. 

i. 8t.andr.rd Z-T'y diffr ction equipment. 

All experimentation was done in the soil mechanics 
laboratory on Avenue B and the Ricketts building at liens - 
seiner Polytechnic Institute, Troy, /Jew York. 
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PROCEDURE 



The procedure for the several rune varied somewhat 
due to discoveries made in previous runs. In all eases 
the clay was prepared by grinding it very fine and then 
no king a sieve analysis. In most cases 200 grans of 
clay was used. 



The cell used in each case was one of two made by 
the- author (figure 9). They were made from a standard 
automobile storage battery sawed into three e^ual seg- 
ments along the longest dimension. Cell #1 had four holes 
drilled longitudinally in the walls to receive the bolts 
used to clamp the segments together. Rubber gaskets were 
used between the segments to make the cell watertight. 
Cellophane membranes were used in every case and were 
placed so as to separate the segments. Uhen assembled 
the cell consisted of three distinct watertight compart- 
ments adjacent to the membranes, spaced about 3 3/4 inches 
apart. The power source of 120 volts was connected across 
these electrodes. This cell was used in Run #1 only. 

Due to difficulties encountered in Run #1, this 
first cell wan modified by adding influent and overflow 
pipes to each of the two end. compartments to provide 
for constant circulation of the dialytes. This cell was 
used until a leak developed when Run was begun. As 
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tile leak could not be repaired, o new cell was made which 
differed but slightly from cell fl. Instead of using 
gaskets, and running tie bolts through the cell walls, 
the segment faces were sanded to watertight smoothness 
and external clamps were used. This cell was used for 
the re ''ain. tag runs. 



Tn each run a predetermined amount of water was 
added to each oo-partmont so that oil water levels wauld 
hr the same. The clay was added to the center compart- 
ment wnere it was constantly agitated by « stirrer. 

During the runs a record was kept of the tempera- 
ture of the dialytep, the current, the voltage, and the 
pH values of the dinlytes. In each case the run was 
continued until the pH indicated that ion exchange was 
complete or until adverse conditions made it necessary 
to stop. 



in every care 
n°tter xi of the cla 
merit to determine 



exce - 1 I?un #4 an X-ray diffraction 
yn was o’otf. i --cd before one after treat- 
rhethor or not thr lattice structure 



had been changed. 
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RUN #1 



Cell #1 was used for this run with no circulation 
of the dialytes. In each of the two end compartments 
1000 cc of distilled water was placed. In the center 
comportment 925 cc of distilled water and 200 grams of 
an unknown clay were placed so as to give 1000 cc of so- 
lution. Subsequent analysis by X-ray diffraction proved 
this clay to be primarily attapulgite. This was more 
or less borne out by a differential thermal analysis 
that indicated the clay was different from kaolinite, 
illite, and montmoril Ionite. A monel metal anode and 
a carbon cathode spaced 3 3/4 inches apart were used in 
this run. 

This first run was to determine what ions would be 
removed in order to see what chemical tests would be neces- 
sary in determining the order of base exchange. This 
would eliminate making tests at the various time inter- 
vals for ions that were not present. 

The 120 volt source was applied across the electrodes 
and immediately there was evidence of a gas being liber- 
ated at the cathode. The pH began to climb quite rapidly 
at the cathode and to decrease at the anode. This change 
continued for the first 4 hours, after which the pH le- 
velled off, b phenomenon that was to have been used as 
an indication of completion of base exchange. Treatment 
was continued, however, for another 20 hours and the pH 
remained substantially the sane at both electrodes. 
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After some 8 hours of treatment, the clay began to 
pack up on tho o node membrane and a green precipitate 
began to form at the anode. The clay was periodically 
scraped from the membrane to keep it from clogging and 
to provide better dispersion* The effect of tho clogged 
membrane would have been en increase in the resistance 
to ion flow. The green precipitate was identified as 
the hydroxides of copper and nickel, indicating that the 
anode was being attacked by an electrolysis process. 

The excessive alkalinity and acidity in the end com- 
portments and the constant pH values after only 4 to 0 
hours of treatment indicated that the procedure was not 
collect. Allowing the exchanged ions to accumulate in 
the end compartments caused an osmotic pressure to build 
up sufficiently to stop the base exchange. A condition 
of equilibrium hod been eat- r> fished but the base exchange 
wo s not complete. 

The dialytes were given o qualitative che icel anel- 
usis to determine what ions were removed. It was found 
that calcium war definitely present in the anolyte, a 
surprising development . There were traces of aluminum, 
magnesium, °nd calcium in the catholyte. This meant 
that the clay was predominant in calcium as nearly as 
could be determined from this run. It can reasonably 
be assured that the presence of calcium at the anode 
indicated a slight breakdown of at least some of the 
clay. This is the only way in which calcium could ap- 
pear at the anode, as a complex ion, instead of at the 
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cathode hr a simple calcium ion. It is felt by many 
that this does occur with the nontmorillonites end an- 
phiboles. 

A sample of the clay whs taken for diffraction pat- 
tern purposes. These patterns were subsequently lost, 
as were those for Hun #2, by a photograph processing 
laboratory before measurements could be made to deter- 
mine whether or not there was any difference between 
the patterns before and after treatment. 
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RUN #2 



In order to alleviate the osmotic pressure result- 
ing from too high an ionic concentration at the elec- 
trodes, it was decided to circulate the dialytes. Dis- 
tilled water would have been the most satisfactory me- 
dium in order that the dialytes could be analyzed quali- 
tatively, but a three-day supply was not available. Tap 
water was therefore used. An overflow pipe and an in- 
fluent tube were added to each compartment and water was 
circulated at as fort a rate as the overflow pipes would 
take* 

It was thought that a greater dilution of the clay 
would do something to prevent the electrophoresis of 
the particles by allowing more to remain in solution. 

For this reason the amount of liquid was doubled in all 
compartments. All other conditions were the same as in 
Run #1 and the same procedure was followed. 

Much the same thing happened as in Run #1 except 
for two noticeable things. The current rose to ° much 
higher value, but this was attributed to the changed 
set-up. The green precipitate began to form in large 
quantities and at a rapid rate. This was surorising, 
since it was felt that the circulation of the dialytes 
would prevent this. At the end of eight hours, how- 
ever, the anode overflow pipe clogged »nri caused the 
anolvte to flow over into the center compartment. The 
run was stopped and the anode removed. 



- 24 - 






. 



• u*vA - i-:s? 














*■ <• 

. 

' if* «• 













At least half of the anode had been corroded com- 
pletely oway by the electrolytic action. Inspection of 
the nrtal stirrer revealed th-t it vnc badly pitted and 
the propeller had corroded «*,w.y. Because of toes ac- 
tions, some more chan. res were made for this run. 

To prevent further corrosion it was dec id- d that 
carbon would bo used for the anode as well as the ca- 
thode. A glass stir rod v;os substituted for the netnl 
one. With these changes node. Run #2 was continued us 
before. 

A change in technique had also to bo node. With 
circulating water in the end compartments it was thought 
that a return to normal of the pH values of the dinlytes, 
that is their value before treatment was begun, wo ild 
indicate no further removal of adsorbed ions. It was 
apparent, however, that electrolysis woe playing a very 
important part in the process. For this reason a new 
indication of completion of ion exchange hud to be found. 
It woe felt then that for n constant voltage there would 
be a constant rate of electrolysis, assuming no change 
in the make-up of the circulating water or its rate of 
circulation. The pH readings should return, therefore, 
to a value that v/as dependent upon electrolysis -lone. 
Y*’hen the pH readings levelled off, ion exchange should 
be complete. 



Since tap w- ter was being circulated, however, 
no chemical analysis could be made to see what ions 
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were being removed and in what order. For thin reason 
samples of the cloy were removed at various tines to be 
analyzed, if possible, by speotrogrephic moans* 

The run was continued for approximately 71 hours 
when the pH readings indicated, that exchange war com- 
plete. This would have to be substantiated, tir.e per- 
mitting, by further analysis. Nothing new developed 
in this run. Gas was continuously emitted at both elec- 
trodes. Clay did pack up on the anode membrane again 
due to electrophoresis. Some other method would have 
to be devised to prevent this. 



After this run it was noted that the anode began 
to take on a spongy appearance. The surface was some- 
what soft and powdered carbon could be rubbed off. Ap- 
parently the anode was bei >g oxidized, as some forms of 
carbon are known to oxidize under similar conditions. 



X-ray diffraction samples were again obtained after 
trentnent but their patterns wore lost as previously 
mentioned. 
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TIME (mi MU TE5) 



RUN ' 



In order to compare the different classes of clays 
in regard to ot re of conversion to an ^-ciny ana ionic 
exchange in general, thin run wan nude using kaolin. It 
was at this tine that a leak developed in the cell ”ud 
a now one war node after several attempts to stop the 
leak in the original one. The procedure did not vary 
from that used in Run f.?. and the sane electrodes wore 
used . 



As usual gas was evolved at both electrodes and clay 
had to be removed from the anode membrane at regular in- 
tervals. At one time during the run the circulating 
water supply was cut off by accident so th- t a condition 
similar to Run #1 existed. This v/as apparent in the pH 
readings. This condition may have been responsible in 
part for the large deviation in the pH trend that fol- 
lowed. It is believed, however, that variations in the 
output of the generator were largely responsible foi the 
oscillating pH curves that were obtained. This can be 
assumed , since electrolysis is proportional to the ap- 
plied voltage *’nd the major part of the pH value is th > ught 
to be a direct result of electrolysis. 

A plot of the pH readings was no surprise, as it 
revealed the kaolin to have less exchange capacity than 
the attapulgite. This was evidenced by the lesser slopes 
of the curves, indicating a lesser tendency to give up 
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adsorbed ions and/or fewer adsorbed ions. The reason for 
the "and/or” is that complete removal, as indie ted by 
the downward pH trend at the cathode, took the same length 
of time ns for attapulgite. If there were only fewer 
adsorbed ions, they should have been removed sooner, un- 
less rate of exchange is just as dependent upon the con- 
centration of the adsorbed ions as it is upon the con- 
centration of the substituted ions. 

After approximately 70 hours, when the pH trend in- 
dicated complete exchange, the run was stopped. A sample 
was again taken for X-ray diffraction purposes. A com- 
parison of the diffraction patterns before and after 
treatment showed a definite increase in the diameters of 
the diffraction rings. The most probable explanation 
of this would be that the lattice structure, though not 
changed, was strained as a result of some part of the 
exchange process. 
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TIME (w/A/ores) 



RUN //4 



To follow the r-nne line- of reasoning that was used 
in Run f/5, an Osage, Wyoming, bentonite was used for this 
run. As previously mentioned, bentonite (a montmoril- 
lonite) is the extreme case of r * flexible lattice struc- 
ture. This was evidenced by whet followed in this run. 

The clay was added to the water in the center com- 
partment and it beer me apparent that some difficulty 
would bo encountered. The clay Droved to be thixotropic 
and except for the area directly adjacent to the stirrer, 
ti.e center compartment w-.s full of a gel. As benton- 
ite is vary expansible it was evident that too much had 
been used, but it was decided to see what mould happen. 

V> hen the voltage was applied, the current immediately 
rose to 6.7 amperes, almost thirty times the average 
initial value. At the end of one minute this value had 
risen to 0 amperes, end the pfl at the anode and cathode 
vms off the Beckman pH meter scale, 0 in the • irst case 
and 13 in the latter. The current rose to 10 amperes 
and the clay gel began to bubble. There w-s much gaseous 
activity at the anode end cathode • Steam began to rise 
from the gel which had reached a temperature of 75 °C. 

The clay was now liquid adjacent to the stirrer and the 
cathode membrane. Because of the excessive heating the 
run was stopped. 
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Part of the gel, eauiv- lent to 28 grams of clay, 
was removed and an equal amount of distilled water was 
added. Two cooling grids were placed in the center com- 
part: ant tcrougn which tap water was circulated in an 
effort to keep the temperature down. 

Y'ith these ohongeo made, the run was started again, 
“luch the s f -me thing happened as before, except that the 
pH, temperature, and current were enough lower than before, 
it was thought, to continue the nan. The same gas evo- 
lution and bubbling of the gel took place with no new 
developments. At the end of ? hours, however, it was 
apparent that there was a leak in the cathode membrane* 
This was due, no doubt, to embrittlement of the mem- 
brane caused by the excessive heat. The cathode mem- 
brane in all runs ended up brittle to a certain extent, 
while the anode membrane remained pliable. This would 
indicate that some other membrane aterial might be 
used to advantage on the cathode side. 

In order to cut down on the ion exchange and , con- 
sequently, the current and temperature the run was be- 
gun again using a new sample of 100 grans of bentonite. 

The same high values wore recorded for the first 30 
minutes, after which time the membrane ruptured age in. 

In all three trials clay packed up on the anode membrane 
to a much greater degree than in any of the previous runs. 
The attempt to make an H-bentonite was abandoned in order 
that more work could be done on the attapulgite. 
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RUN #5 



The purpose of this run was to see exactly whet ef- 
fect the particle size had on the rate of ionic exchange, 
hot all of the effects of an ultrasonic vibrator are 
known, especially on clays. The vibrations seen to have 
the effect of dispersion and, at the sane tine, of floc- 
culation. In this run a 2000 cc solution with 200 grams 
of ettopulgite was subjected to vibrations at 1000 kilo- 
cycles per second for one minute. After the vibration 
some of the clay had settled very compactly in the bot- 
tom of the container while the rest formed a very homo- 
geneous solution. The same electrodes were used as in 
previous runs and the sane procedure as for other rtta- 
pulgite runs was used. 

One of the effects of the vibration we? apparent 
immediately as the pH value at the cathode indicated a 
faster rate of exchange than had previously been noted 
with attapulglte. What is more, the pH climbed to a 
higher value and the current was generally higher. This 
was to be expected, since the rote of exchange is a 
function of surface area and the vibrations gave the 
necessary increased dispersion. 

The second, and most important and interesting, 
phenomenon resulting from the vibration was; that at no 
tine did the clay have a tendency to pack up on the 
membranes. A possible explanation is here submitted. 

When electrophoresis takes place, the negatively charged 
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clay particles arc dr awn to the anode. The particles 
are large enough (force of repulsion of two particles 
is inversely proportional to the distance between then 
squared) so that the natural cohesive forces overcome 
the repulsive forces and the clay packs up on the anode 
membrane. But when the cloy is vibrated, it is broken 
co vm into particles snail enough so that the repulsive 
forces overcome the cohesive forces and the particles 
remain in solution instead of packing up on the mem- 
branes . There was a tendency for more clay to settle 
to the bottom of the cell also, a result oerheps of the 
flocculation effect of vibration. 

At two points in the run the notor-g nerntor set 
cut out and was off about an hour. This had tne effect 
of starting the pH values at the electrodes back to nor- 
mal. Other th f n these two events, tho run oroceedcd 
normally until the fourth day. 

When the 4570 minute reading was t<*kcn it was noticed 

th- 1 the level of the) liquid in the center c * apartment 

was much lower than that in the end compartments and clay 

was appearing ft the cathode. This was very pus- ling 

since a leak in the cathode membrane should have resulted 

in the same liouid level in tne two connected comae: t- 

* 

'"ents. There vr-p also an extreme difference n the two 
oil values. It w«s felt th t t c clay may h- vc bee: de- 
composed finely en ugh to penetrate the pores of the 
membrane . 
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In order to determine the cause of this phenomenon 
the run was continued to see what would happen. The 
next morning, however, the three liquid levels were the 
sane so the run was stopped. An inspection of the mem- 
brane revealed ft leak: of the usual type, due to embrit- 
tlement. The difference in liquid levels could be ex- 
plained only by the presence of some force moving the 
solution from the center compartment against the hydro- 
static head until the hole became too large. 

Sammies of the cl?jy were t- ' en for X-ray diffrac- 
tion analysis after vibration and before treatment, when 
the leak first developed, and when the run was completed. 
A comparison of these diffraction patterns aga j n indica- 
ted a trend of increasing diameters after treatment, 
though not so pronounced as for kaolin. This is perhaps 
explainable. A diffraction pattern is the avera e pat- 
tern for all of the lattice structures present in the 
sample. Kaolin has a definite structure with a stable 
fixed thickness. A straining of this lattice would, 
therefore, be rather noticeable. On the other hand, at- 
tapulgite has a looser lattice structure with a thick- 
ness that varies from one to two times its smallest value. 
The clay particles in a diffraction sample might have 
lattice thicknesses throughout this whole range, *-nd 
the diffraction pattern is an average for all of these 
lattices. Any straining of the lattices in this case 
would not show up to such s large degree. It is felt 
that some straining of the lattice structure did take 
place. 
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RUN #6 



Before it could be determined exactly how ;uch of 
the pH change was duo to ionic exchange, the effects of 
electrolysis of the water had to be determined . It was 
decided, therefore, to laake a r n using distilled water 
alone in the center conpartnent. Keeping in rind th'*t 
the water undoubtedly would not react the sane without 
clay as it did with clay, the author felt that a fair 
comparison could nevertheless be nade. 

The sane set of electrodes was used and the sane 
procedure was followed throughout the run. As had been 
expected, the pH values were slow to change and to reach 
tne naxinuns. The unexpected upward trend at the anode 
could not readily be explained. It '..-as also noticed 
that the anolyte was slightly turbid, though the c at ho- 
ly te was not, and re mined so for almost 2 hours, »t 
which tine the pH began to foil. 

The raotor-generator set cut out again and was off 
approx ins tcly ?n hour and a half. Other th-'-n this, the 
run proceeded very normally, After some 40 hours the 
pH v lues levelled off and remained th t way for the 
next 24 hours, at which tire the run was stopped. 
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CONCLUSIONS 
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CONCLUSIONS 



Despite the many variables and limitations in an 
investigation of this sort, quite n few rather definite 
conclusions may be drawn from it. As an investigation 
of the practical problem of producing a pure IT-clay for 
further use, it has been shown that such a conversion 
from an unknown clay to an H-clay can be effected. The 
definite return of the pH at the cathode to a known 
value due to electrolysis alone indicates rather de- 
cide ly that ionic exchange has been carried to comple- 
tion. Definite proof of this theory was obtained by 
the spectrographic analysis made by R. F. Reuss in his 
work on spectrographic analysis methods of identifying 
clays on the sample used in Run #2b. The disappearance 
of the calcium line indicated th«t calcium had been re- 
moved from the clay. Its appearance again after treat- 
ment was probably due to o mistake in procedure. The 
final sample of clay was taken from the cell the day 
after the run was completed. This allowed the calcium 
and magnesium in the top water to pass through the mem- 
branes by dialysis and into the clay mix. 3y this pro- 
cess the percentage of calcium and magnesium increased. 
More accurate results could have been obtained if there 
hod been tine to make more than one analysis to obtain 
an average. The need for such an average is evident in 
the variations in percentage trends. There is enough 
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consistency, however, to fOlov confidence to be pieced 
in the > nolysis. It is also felt tiv l the calciun woo 
not completely removed nr early - s the analysis indicates. 

The production of an H-bentonite still remains as 
n problem. It is fc.lt that such v clay can not be pro- 
duced in sufficient quantities by tne procedures used 
in this investigation. The thixotropic properties of 
the clay, along with the exceptionally high current, 
caused most of the difficulties. This high current is 
due to the ronid breaking mart of clay lattices, -'ore 
investigation -»ight reveal that a lower a nulled voltage 
would decrease this breakdown and permit a conversion. 

The limited quantity th t can bo treated would still be 
a major drawback. 

From the experiments performed it may bo stated 
that there is a definite indication of base exchange 
completion, the return of the catholyte pH to a nonn 1 
value. This return should have been expected uoon ex- 
amination of the factors aff* cting the pH. The only 
thing affecting the pH, aside from electrolysis, is the 
adsorbed ions attracted to the cathode clone. The pre- 
sence of r. b- se, and the adsorbed ions are b r> ses, in- 
creases the hydroxal ion concentration causing a higher 
then norm" 1 pH. . When these adsorbed ions are no longer 
removed, the hydroxal ion concentration decreases to 
that value caused by electrolysis. This furnished, the 
needed end point in the process. 
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It may also be concluded tint the difficulty of 
electrophoresis can be effectively solved, at least with 
some clays. By breaking the clay perticles dov/n to a 
small enough size this difficulty is overcome. Such a 
process is another good example of the validity of the 
inverse square law. This treatment, as effected by an 
ultrasonic vibrator, does introduce the limitation of 
a reduced capacity for the cell. By decreasing the a- 
mount of clay that may be held in solution, the dis- 
persion decreases the amount of cloy that nay be effec- 
tively treated at one time. This problem might readily 
be solved by a cell of larger proportions. 

In any further work that might be done on electro- 
dialysis, a cell of different proportions and nake-up 
should be used. It is the opinion of the author that 
effective electrode and membrane areas are of primary 
importance. For this reason a cell of increased rela- 
tive width and depth and decreased relative length should 
be used. A more effective cathode membrane should also 
be sought in order to overcome the embrittlement prob- 
lem, If this problem could be eliminated one more stumb- 
ling block to the treatment of bentonites 'would be re- 
moved . 

As a study of the base exchange properties this in- 
vestigation revealed as many possibilities as conclusions. 
The necessity of using tap water eliminated the possi- 
bility of determining the order of removal by qualita- 
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tive chemical means. Only a sufficient supply of dis- 
tilled water could eliminate this nroblen. 

A study of the diffraction patterns, however, did 
stem to substantiate a generally accepted theory con- 
cerning ionic adsorption. The straining of tne clay 
lattice by adsorbed hydrogen ions can most logically be 
explained by the presence of some substance where no 
substance was ■ ef ore . If there were e simple surface 
exchange of a hydrogen ion for a calcium ion, this con- 
dition would not exist. But the formation of e water 
molecule by the addition of o hydrogen ion to a hydroxal 
ion would satisfy tne requirement . This belief is fur- 
ther substantiated by the fact that a hydrogen ion heads 
the lyotropic series for adsorption and is the most dif- 
ficult to remove. 

By analyzing the pH curves against those nroouced 
by electrolysis another conclusion may be drawn. Tne 
rate of exchange is .most rapid at the beginning and con- 
tinues to c ecreare up to the end point. This points to 
the possibility that rate of exchange is more dependent 
upon the concentration of the adsorbed ion t:i«n the sub- 
stituted ion. This must be concluded because the con- 
centration of the substituted ion remains substantially 
const nt. 

One of the >sr t interesting aspects of the inves- 
tigation war trie possibility of studying the order of 
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exchange by spectrographic analysis. ouch a study would 
not only permit a determination of the order of exchange 
but also of the comparative rates of exchange. The lat- 
ter cletermin- tion might furnish an interesting tie-in 
with the order of the lyotropic series. Such a study 
war hampered by the presence of only one adsorbed ion 
on the clay analyzed. 

It is the opinion of the author that considerably 
more work needs to be clone on electrodialysis before a 
completely satisfactory method of producing a pure H-clay 
can be obtained. A study of a continuous flow pjocess 
might be a possible answer. In any event I feel that 
,T, uch -ore could be accomplished by more than one pel son 
working together. 
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INFORMATION FOR RUN #1 



Anode - Carbon 
Cathode - Monel 
Stainless steel stirrer 
One cooling grid used 

Sample analysis: 200 grams of unknown clay 



Sieve v 


o/o Passing 


200 


1.05 


140 


11.05 


60 


100.00 



?»nter vised: 

Center compartment - 925 cc of distilled water 
End compartments - 1000 cc of distilled water with 

no circulation 



( 51 ) 



H cm m , 



■ - '4 f mdi C •: 



J l&v * 9\o 




. 




r. 









i»* • t*»r 's *>» ^ - *.*■ immi «ipa 




U3) 



DATA FOR RUM #1 



TIME 


TEMP. 


VOLT. 


CURRENT 


pH 




AL 


CA 


UG NA K 


(nin) 


°C 


(v) 


(a) 


CATHODE ANODE 








0 


19 


115 


0.10 


6.55 


6.55 








SO 


19 


114 


0.30 


10.55 


5.55 








240 


16 


113 


0.20 


11.80 


4.20 








570 


16 


114 


0.20 


12.00 


4.38 








1260 


16 


111 


0.20 


12.01 


5.40 








1440 


16 


112 


0.25 


11.89 


4.42 








1920 


17 


111 


0.25 


12.19 


4.47 








1935 




STOPPED 








T_ 


P„ 


T_ - - 














c 


rp& 


c 



"T M denotes trace 
,f P n denotes definite 
presence 

Subscript denotes 
electrode. 

REMARKS: 

Green precipitate identified as the hydroxides of 
nickel and copper formed at the anode. 

Clay had a tendency to pack up on the anode membrane. 
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INFORMATION FOR RUtI #2a 



Anode - Carbon 
Cathode - Monel 
Stainless steel stirrer 
No coo line grids used 

Sample analysis: 200 grans of unknown clay passing a 

#55 sieve. 

Water used: 

Center compartment - 1925 cc of distilled water 
End compartments - 2000 cc of tap water with con- 
stant circulation. 
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DATA FOR RUN #2n 



TIME 

(min) 


TEMP. 

°C 


VOLTAGE 

(v) 


CURRENT 

(a) 


CATHODE 


pH 

ANODE 


0 


17 


117 


0.25 






5 


17 


117 


0.30 


10.62 


8.78 


10 


18 


117 


0.40 


10.38 


9.00 


30 


19 


114 


0.55 


10.72 


8.82 


240 


18 


110 


0.85 


10.66 


7.60 


480 


16.5 


110 


0.70 


10.65 


7.71 



REMARKS: 

Overflow pipes clogged by hydroxides of copper and 
nickel . 

End compartments overflowed into center compartment* 

Inspection of anode showed that half of it had been 
corroded away. 

Inspection of metal stirrer showed that propeller 
had been corroded away and the rod was very 
pitted. 
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INFORMATION FOR RUN #2b 



Anode - Carbon 
Cathode - Carbon 
Glass rod stirrer 
I!o cooling grids used 

Sample analysis: 200 grans of unknown cloy passing a 

#140 sieve. 

Water used: 

Center compartment - 1925 cc of distilled water 
End compartments - 2000 cc of tap water with con- 
stant circulation. 
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DATA FOR RUN jf?2 b 



TIRE 


VOLT. 


CURR'rJ.T 


TEMP . 




pH 


(n in) 


(v) 


(a) 


°C 


CATHODE 


! ANODE 


0 


117 


0.25 


18 


8.05 


8.59 










8.70 


7.93 


1 


118 


0.25 


18 


8.83 


7.90 










0.96 


7.02 










9.01 


7.83 


5 


119 


0.30 


17 


9.30 


7.72 










9.47 


7.63 










9.57 


7.79 


10 


117 


0.30 


16 


9.80 


7.57 










9.76 


7.47 










10.01 


6.05 


30 


115 


0.30 


16 


10.07 


5.86 










10.07 


5.67 










10.40 


4.24 


90 


112 


0.35 


16 


10.48 


4.09 










10.50 


4.09 










10.98 


3.70 


450 


110 


1.45 


26 


11.03 


3. SO 










11. 00 


3.58 










10.71 


3.57 


790 


111 


1.25 


18 


10.84 


3.64 










10.84 


3.55 










10.76 


3.70 


1200 


111 


0.90 


17 


10.87 


3.66 










10.91 


5.64 










10.86 


5 .66 


2160 


109 


1.20 


17.5 


10.86 


3.54 










10.98 


3.50 










10.66 


3.67 


2020 


110 


1.15 


18 


• 10.79 


3.62 










10.71 


3.60 










10.63 


4.00 


3630 


110 


1.00 


20 


10.73 


3.86 










10.69 


3.84 










9.80 


3.43 


4200 


109 


1 *20 


15 


9.88 


3.40 










9.88 


5.38 
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SPECTROGRAPHIC ANALYSIS OF SAMPLE #2b 





Si Op 
< 


AloOg 


f *2°3 


o 

O 


TiOp 


MgO 


Before 


57.10 


23.40 


7.70 


1.08 


0.70 


2.22 


1 


55.80 


23.40 


10.05 


- 


0.80 


2.12 


5 


57.30 


24.00 


8,01 


1.83 


0.76 


2.12 


10 


50.15 


22.60 


15.05 


0.96 


0.76 


2.15 


30 


54.60 


21.30 


12.00 


0.58 


0.79 


2.08 


150 


48,10 


24.00 


13.41 


1.53 


0.79 


2.54 


450 


54.40 


22.30 


9.80 


1.61 


0.Q2 


2.23 


790 


56.00 


23.50 


8.40 


- 


0.80 


2.13 


1280 


55.90 


24.00 


14.50 


mm 


0.76 


2.01 


2160 


59.00 


25.40 


0.85 


- 


0.82 


1.56 


After 


56.50 


25.40 


0.48 


0.71 


0.74 


2.03 



There was no sodium or potass iun present. The 
remainder of the sample was lost on ignition. 
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INFORMATION FOB RUil #3 



Anodo - Carbon 
Cathode - Carbon 
Glass rod stirrer 
Ho cooling grids used 

Sample analysis: 200 grams of kaolin passing a ;*60 sieve 

•later used: 

Center compartment - 1925 cc of distilled writer 
End compartments - 2000 cc of tap v/ater with con- 
stant circulation. 
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DATA FOP. RUN #3 



Trip 

(win) 


TRIP . 

°C 


VOLT 

(v) 


0 


20 




1 


20 


113 


3 


19 


113 


6 


19 


113 


10 


19 


113 


20 


10 


112 


55 


17 


113 


415 


16 


114 


960 


13.5 


100 


1460 


15 


111 


1020 


15 


109 


2365 


15 


100 


3310 


19 


■ 100 


3055 


17 


110 


4105 


17 


113 


KKSAEKS: 







CURRENT pH 



(a) 


CATHODE 


ANODE 




7.00 


6.78 




7.10 


6.71 




7.00 


6.90 




7.25 


6.80 




8.22 


7.30 


0.10 


8.37 


7.10 




8.52 


6.96 




8.40 


7.30 


0.10 


0.61 


7.12 




8.82 


6.96 




8.94 


7.78 


0.15 


9.02 


7.50 




9.11 


7.26 




9.03 


7.52 


0.15 


9.28 


7.20 




9.36 


6.92 




9.16 


7.02 


0.15 


9.40 


6.58 




9.52 


8.13 




6.92 


3.81 


0.25 


7.09 


3.98 




7.35 


4.10 




8.43 


7.52 


0.15 


8.63 


7.39 




8.73 


7.27 




9.52 


7.94 


0.20 


9.63 


7.09 




9.70 


6.96 




9.33 


7.38 


0.20 


9 .43 


6.94 




9.53 


6.60 




9.41 


6.22 


Q 

• 

ro 

o 


9.49 


c-; oo 




9.56 


5.60 




10.22 


ry ' £ r\ 
O m £■»< 


0.30 


10.22 


3.78 




10.28 


3.2.6 




10.22 


3.68 


0.30 


10.24 


3*81 




10.29 


3,84 




9.99 


4.1o 


0.20 


10.02 


4.07 




10.04 


4.00 



Miniraun readings at tine 415 due to failure of 
circulating water s- apply at that time. 
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DIFFRACTION DATA FOR RUN #3 
Before Treatment 



Ring # 


Radii 


Diameter 


(rats) 


(am) 


1 


1.21 


1.22 


2.43 


2 


1.73 


1.73 


3.43 


3 


1.90 


1.91 


3.81 


4 


2.25 


2.26 


4.51 


5 


2.73 


2.73 


5.46 


6 


3.09 


3.09 


6.10 


7-BR 


5.95 


6.00 


11.95 






After 


Treatment 


1 


1.30 


1.30 


2.60 


2 


1.83 


1.83 


3.66 


3 


1.99 


2.00 


3.99 


4 


2.36 


2.30 


4.74 


5 


2.84 


2.06 


5.70 


6 


3.20 


3.22 


6.42 


7 -DR 


5.99 


6.08 


12.07 



BR denotes a back reflection. 
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INFORMATION FOR 1 RUN H 



Anode - Carbon 

Cathode - Carbon 

Glass rod stirrer 

Ko cooling grids used for the first nine minutes and then 
two were added. 

Sample analysis: 200 grams of Osage, P/yoning, bentonito, 

passing a ^60 sieve for the first nine minutes, after 
which 20 grans were removed. 

Water used : 

Center compartment - 1925 cc of distilled water for 
the first nine minutes after which 10 more ec 
were added. 

Ind compartments - 2000 cc of tap w^ter with con- 
stant circulation. 
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DATA FOR PJJI7 M 



TI'fL 


TEMP. 


VOLT. 


CURRENT 




pH 


(min) 


°C 


(v) 


(a) 


CATHODE 


AM0KK 


0 


10 


108 


6.7 






1 


18 


105 


8.0 


13 


0 


5 






10.0 






9 


STOPPED 








REMARKS: 












1 minute 


- clay proved very 


thixotropic . Much 






liberated 


. at anode and cathode. 




5 minutes 


- cloy mix 


liquid at cathode 


membrane 






but not at anode 


membrane , 






7 minutes 


- much steam being 


1 ib era ted 


from cl°; 




9 minutes 


- cloy mix 


too hot. 


75 °C, 




Removed 450 cc 


of clay nix 


: and re n laced with 


450 cc < 




distilled 


water. Cooling grids added. 




TIT 


TEMP . 


VOLT. 


CURRENT 




pH 


(min) 


°C 


(v) 


(a) 


CATHODE 


ANODE 


0 


18 


108 


6.4 


9.33 


8.70 










9.10 


8.47 


1 


18 


108 


6.6 


11.25 


3.30 










11.49 


3.22 


5 


18 


105 


6.0 


11.75 


3.12 










XX . 7 o 


3,12 


10 


18.5 


106 


7.0 


11.76 


3,18 










11.74 


3.12 


30 


20 


107 


5.0 


11.92 


3.10 










11,90 


3.02 


110 


26.5 


110 


4.0 


11.42 


3,69 










11.30 


8,40 


425 


25 


109 


4.0 




3.48 



3.40 



IcFAlARKS: 



1 minute - clay nix liquid at cathode nembr r ne. 

5 minutes - much steam being liberated fro clay nix. 

ciny mix at 60 °C. 

10 minutes - much gas liberated fron f anode -and ca- 
thode. clay mix at 80 °C. 

30 minutes - clay mix at 70 °C. 

110 minutes - clay nix at 50 °C. 

425 minutes - leak developed in cathode membrane. 
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II7FORMA7JOH FOP RUN 05 



Anode - Carbon 
Cathode - Crrbon 
Glass rod stirrer 
No cooling grids used 

Sample analysis: 200 grains of unknown dry passing a 

060 sieve, vibrated in solution for 1 minute at 
1000 kilocycles per second, 

Water used: 

Center compartment - 1925 cc of distilled water. 
End compartments - 2000 cc of tan vr ter with con- 
stant circulation. 
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DATA Fv’ri mi i-5 





?E*f? . 


VOLT. 


CURRENT 




pH 




(-.in) 


oC 


(v) 


(a) 


cathode 


ANODE 


CLAY 


0 


19 


116 


0.30 


7.00 


7.06 












7.02 


7.06 




1 


19 


116 


0.30 


S.00 


8.06 












9.00 


7.33 




5 


19 


116 


0.30 


10.04 


7.95 












10.16 


6.48 




10 


19 


116 


0.30 


10.42 


6.46 












10.50 


4.45 




30 


17 


115 


0.35 


10.66 


4.02 












10.63 


3.78 




60 


17 


113 


0.30 


10.69 


3.71 












10.66 


3.70 




265 


18 


111 


0.55 


11.28 


3.39 












11.32 


3,39 




430 


18 


113 


0.60 


11.30 


3. 3 












11.27 


s os 




Fever 


supply off 


approximately 1 


hour. 






945 


16 


118 


0.50 


10.12 


4 . S'.} 












10.19 


4.38 




1520 


19 


111 


0.60 


11.07 


3.30 












11.14 


5.24 




1815 


15 


110 


0.40 


10.70 


3.30 


7.26 










19.71 


3.70 


7.45 


Fewer 


supply off 


approximately 1 


hour. 






2345 


15 


112 


0.45 


10.75 


3.98 


7.37 










10.80 


3.81 


7.53 


2540 


18 


111 


0.70 


11.26 


3.22 


7.06 










11.26 


3.16 


7.18 


3215 


10 


108 


0.50 


10.99 


3.47 


6.52 










11.00 


3.40 


6.70 


3695 


£3.5 


109 


0.50 


11.23 


r n 

« f 


6.70 










11.12 


3.09 


6.70 


4580 


22 


111 


0.35 


10.52 


3.7:: 


3.58 










10,48 


a ss 


3.40 


5175 


17 


108 


0.30 


10.26 


3 .44 


4.03 










10.34 


3.41 


3.93 


KLltARES 


• 












Much gas was 


liber- 


■tod nt cat hone »*nd a s 


hu : 1 1 


aount 


nt 


anode. T. 


here was no cloy 


packed on th 


e urtbrnnes 


n.t 


any tine. 


Clay 


appeared i 


at cathode at 


1 5. ’*:.e 


4580 



r ign i fy 1 ng a Isa Sc . 
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DIFFRACTION DATA FOR RUN //5 



After Vibration, Before Treatment 
Ring # Radii Diameter 





(mm) 




(mm) 


1 


1.36 


1.35 




2.71 


2 


2.05 


2,04 




4.09 


3 


2.58 


2.59 




5.17 


A 


3.07 


3.07 




6.14 


5 


3.46 


3.47 




6.93 


6-BR 


4.81 


4.79 




9.60 


7-BR 


5.75 






11.50 


O-BR 


7.68 






15.36 




After 


Treatment, 


4580 


Minutes 


1 


1.39 


1.40 




2.79 


2 


2.06 


2.07 




4.13 


3 


2.58 


2.59 




5.17 


4 


3.09 


3.10 




6.19 


5 


3.49 


3.50 




6.99 


6-BR 


4.82 


4.84 




9.66 




After 


Treatment , 


5175 


Minutes 


1 


1.40 


1.40 




2.80 


2 


2.05 


2.05 




4.10 


3 


2.60 


2.60 




5.20 


4 


3.07 


3.00 




6.15 


5 


3.48 


3.49 




6.97 
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DATA (Cont'd.) 



Ring § 


Radii 


Diameter 


(mm) 


(mm) 


6-I3R 


4.03 4.84 


9.67 


7-BR 


5.78 


11.56 


O-BR 


7.68 


15.36 



BR denotes a back reflection. 
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ii7Foiv?u r 'io:: .’oi ran* 



Anode - r- rbon 
Cathode - Carbon 
Ginns roa stirrer 

Samnle analysis: no clay was used in this run. 

tv. ter used: 

Center compartment - £000 cc or distilled water 
End compartments - 2000 cc of tap water with con- 
stant circulation. 
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VOLT. 


CITK.'P-3'T 




OH 


(min) 


OC 


(v) 


(u) 


CAluCDE 


A501XC 


0 


19.5 


115 


0.00 


7.03 


5.13 










7.22 


4.90 


1 


19.5 


115 


0.00 


5.72 


6.20 










6.82 


6.05 


5 


17 


113 


0*05 


6.80 


6.37 










6.85 


6.20 


10 


17 


* -i r> 

X-i. O 


0.05 


6.60 


5 . 52 










6 .82 


6.47 


30 


17 


114 


0.05 


0.22 


6.91 










7.07 


6.62 


110 


17.5 


114 


0.10 


8,13 


7.90 










8.61 


6 .42 
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